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SPECTROSCOPIC STUDY OF TEE GAS CAP RADIATION INTENSITY 
FOR SIMULATED MARTIAN ATMOSPHERIC PROBES 

By Warren Winovich 1 and Paul A. Croce 2 

Ames Research Center, NASA 
Moffett Field, California 

INTRODUCTION 


A high velocity probe launched into an atmosphere of unknown 
composition offers a unique opportunity to obtain spectrographic 
information by close-range examination of the radiating species 
in the shock-heated gas cap. This information can establish the 
constituents present, and also can yield relative concentrations 
of the planetary gas mixture. This knowledge could materially 
aid in the reduction and interpretation of data from other on- 
board experiments. Such information would prove vital for planning 
of future space missions and would materially aid in the design of 
future manned and unmanned vehicles. 

The recent Mariner IV experiments, reference 1, and the earth 
based spectroscopic measurements of IR, reference 2, and UV scatter 
ing, reference 3> suggest that the Mars atmosphere contains at 
least 33 percent carbon dioxide. The remaining constituents are 
postulated to be nitrogen and argon. These latter two have not 
been detected but are tentatively assigned as constituents on the 
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"basis of abundancy considerations, reference 4, and postulated 
geological activity. 

Seiff and Reese, reference 5> recently pointed out that 
instrumented, spherically shaped probes of low ballistic coef- 
ficient represent a practical design for a Martian atmosphere 
probe. Typically, a spherical nose radius of the order of 30 cm 
can be employed. According to the theoretical predictions of 
Boobar and Foster, reference 6 , and the free -flight-range measure- 
ments of James, reference 7> the cyanogen formed in the high- 
temperature gas cap appears to be one of the promising candidates 
for spectral examination during entry into the Martin atmosphere. 

The planetary space probe is designed to make a steep entry 
(70°-90°) into the atmosphere. Figure 1 illustrates the convec- 
tive heat-transfer rate as a function of velocity that one calculates 
for such an entry into an atmosphere of 46 percent C0 2 , 23 percent 
and 31 percent A. The entry velocity of 6.7 km/sec is taken 
to be representative for a 1969 launch. For the steep entry angle 
contemplated, and for the 30 -cm radius spherical nose, maximum 
convective heating occurs almost simultaneously with maximum radia- 
tive heating. If an ablative heat shield is employed, the problem 
arises as to the effect of radiation from the ablation vapors upon 
the detection of gas-cap radiation, because it is necessary to 
measure the gas-cap radiation by looking out from within the model 
into the stagnation zone. A plasma-tunnel study of gas-cap and 
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ablation-products radiation in a simulated Martian atmosphere forms 
the subject matter of the present paper. 

TEST FACILITY 

A schematic view of the plasma-tunnel facility is shown in 
figure 2. Details of the facility may be found in reference 8. 
Briefly, it consists of a DeLaval nozzle having a throat diameter 
of 1.27 cm and having provisions for sustaining a D.C. electric 
arc between electrodes in the high pressure plenum chamber on the 
left and the exit of the supersonic nozzle on the right. The 
metered gas mixture is introduced into the plenum chamber just 
downstream of the cathode shroud and is heated by the electrical 
discharge in the constrictor section. The nozzle exit is 15.2 cm 
in diameter and the flow exhausts into an evacuated test chamber. 
The test chamber pressure was maintained at a low value by a 
steam ejector system such that the free jet was approximately 
balanced. For these conditions a test body with 45 percent block- 
age can be employed with steady, uniform flow existing at the 
stagnation region. 

TEST BODY AND INSTRUMENTATION 

The test body used for this study is shown in figure 3* It 
consists of a flat-faced cylindrical nose of 10 cm diameter and 
a 15-degree conical afterbody. The flat-faced nose has corner 
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rounding sufficient to match the velocity gradient at the stagna- 
tion point with that of a 30- cm radius sphere. This shape was 
arrived at by trial with a pressure-instrumented model. Inter- 
changeable nose sections of various ablation and heat-sink 
materials were provided. 

The conical afterbody contained the source optics system. 

The 15-degree displacement of the optical axis with respect to 
the axis of symmetry was necessary to avoid collecting the high 
intensity radiation from the arc constrictor. A collimating 
system incorporating a small aperture limited the region viewed 
and eliminated the background radiation. Details of the collimated 
collection-optics system are contained in Appendix A. The 15-cm 
diameter afterbody expanded the flow to a thin tenuous layer over 
the short, cylindrical skirt just upstream of the base, which 
insured that the transmitted radiation consisted primarily of 
stagnation-point radiation. Tests with the source optics blocked 
insured that no measurable radiation was received from regions 
other than the stagnation zone. 

Figure 4 compares various parameters calculated for the contem- 
plated full scale entry with those selected for the plasma-tunnel 
simulation tests. The items of importance for radiation test simu- 
lation are the velocity, density, and shock stand-off distance. 

As shown on the figure, all are matched except the density which 
is a factor of 30 low. This mismatch in density is equivalent to 
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an increase in altitude of about 27 Ion (8 km = scale ht) over the 
altitude at the peak heating condition. It corresponds to a point 
in time on the entry trajectory h seconds prior to peak radiation 
heating. Consequently, the test conditions correspond directly to 

an expected full-scale situation, but not the most severe. 

Referring to figure 1 again, the test conditions fall -within 

the stippled area shown on the trajectory curve. For the test 
conditions, figure 5 illustrates the test body with the radiating 
gas cap for the case of a non-ablating copper wall. 

Instrumentation for the tests is shown in figure 6 . The 
source optics within the test body directs radiation from the 
gas cap out the rear flange via a first-surface mirror. After 
passing through the wind tunnel port, the radiation is reflected 
to a cylindrical first-surface mirror where the circular beam is 
focused as a line on the entrance slit of a spectrograph. The 
spectrograph had a focal ratio of 6.8 and was equipped with a 
1200 groove/mm grating blazed at 3500 A. The gas -cap spectra 
in the range 27 OO to 65 OO A were recorded by means of photographs. 
The plates were calibrated with the model in place by directing 
a collimated beam from a tungsten ribbon filament lamp into the 
source optics. The radiative intensity of the tungsten filament 
was determined by measuring brightness temperature with an optical 
pyrometer and by recourse to the emissivity data of Larrabee 
(ref. 9 ) to obtain a blackbody temperature . Details of the calibra 
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tion are given in Appendix B. 

The film was Kodak Spectr ©graphic plate film type 103 F. 
Exposure times for both tests and calibrations were such that 
the reciprocity law, i.e., I x r = const., pertains for the photo - 
graphic emulsion. Photographic densities were read with a Joyce 
Loebel microdensitometer. 

RESULTS AND DISCUSSION 
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The gas-cap radiation was measured in the arc-jet facility 
for non-ablating and ablating surfaces. Experimental results for 
a non-ablating copper surface are shown in figure 7. Total radia- 
tion per unit volume is plotted against velocity. The effect of 
J'ree- stream density is accounted for by using the correlating 
parameter suggested by theoretical calculations (refs. 10 and 
11) . The gas mixture consisted of 46 percent C0 2 , 23 percent N 2 , 
and 31 percent Argon (percents by volume) . The present results 
are compared with the molecular theory prediction for C0 2 -N 2 
mixtures of reference 10. The theory has been adjusted to corres- 
pond to the same percentages (by volume) as the test gas (i.e., 

46 percent C0 2 , 23 percent N 2 , 31 percent A) . This adjustment 
was made by applying (l) the experimental correlation obtained by 
James (ref. 7) for concentration effects and (2) the theoretical 
dilution correlation of reference 10. The ballistic range and 
shock tube data of references 7 > 10, and 12 with no argon dilution 
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are also shovn. The theory of reference 10 agrees veil vith 
these results. The present data also shov the predicted trend 
vith velocity and agree ' vith the dilution effect of argon pre- 
dicted by the theory of reference 10. The adjusted theoretical 
curve vhi-ch applies to the present gas mixture differs by factors 
of 2.5 at 5 km/sec to 1.2 at 7 km/sec. Possible explanations 
for this discrepancy are considered belov. 

The present data vere obtained for values of density ratio 
sufficiently lov to match the contemplated density ratios 
(10 5 < P c Jp Q < 10 3 ) during the time preceeding maximum gas -cap 

radiation for the Mars probe entry* As noted above, for these 
lov densities the, data are only in reasonable agreement vith 

equilibrium theory, vhereas the ballistic range and shock tube 
data vhich generally agree closely vith theory vere obtained at 
sufficiently high density and scale to insure equilibrium. 

f one qui libr ium effects in the present results vere assessed 
by assuming that ON forms according to CO + N CN + 0. For this 
reaction, the CIT formation is limited by the concentration of CO. 
For this chemical model, the relaxation distance for the reaction 
COo CO + 0 can be found from reference 13 . For the present 
density range (p co /p Q = 1 - 5 X 10 b ) a percent change in the 
concentration of CO in the stagnation region vill occur in a dis- 
tance of 20 mm, vhich is approximately equal to the shock stand - 
off distance. In the plasma tunnel, expansion occurs only to a 
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Mach number of 6.2. Accordingly, at operating conditions of 13.4 
Mj/kg (5*10 km/sec) the free stream is predissociated to a value 
of z = 1.40 as compared 'to the equilibrium value at the stagna- 
tion state of z = 1.90. On the basis of the free stream pre- 
dissociation level, the CN concentration behind the bow shock has 
been estimated to be 87 percent of the equilibrium value. Conse- 
quently , the radiation, assuming constant temperature, is predicted 
to be a factor of 1.2 (= O. 87 "- * ‘ :o ; helov equilibrium values. This 
factor accounts for the discrepancy at high velocity ( 6.85 km/sec) 
but does not completely account for the discrepancy at lew veloci- 
ties . 

Although an ablating heat shield "would reduce probe launch 
weight, ablation vapor formation can drastically affect the gas- 
cap spectra. The radiation characteristics for various heat 
shield materials were assessed in gas mixtures that consisted of 
6 2/3 percent C0 2 , 91 percent h T 2 , and 2 1/3 percent A (by volume) . 
Figure 8 presents spectra of the gas cap for the non-ablating 
copper nose and for several plastic heat shield materials. The 
wavelength, range of the spectrograms is from 3500 to 67 OO A. 

For the non-ablating copper surface the radiative flux is due 
almost solely to the CTT violet band system. The three lower 
spectra are for exactly the same flow conditions but with sur- 
faces of polyethylene, polytetrafluoroethylene, and polyformaldehyde 

The gas-cap spectra are quite similar for each of the three plastics 

♦ 



In addition to enhanced C N violet radiation, the ablation-vapor 
radiation consists of C 2 Swan band radiation and the C 2 High- 
Pressure band system. The hydrocarbon plastics also display a 
prominent CH 4300 A -band series and appreciable hydrogen, line 
radiation-. A trace amount of hydrogen appears in aha svresv.: 
for the copper surface. 

Because xbe ON violet band system appears to be veil under - 
. , od eri amenable to analysis both in terms of species concentre - 
■ ■ and velocity derived from .-.lory data, it recrvs cuts . 

- candidate for monitoring radiation curing entry into an 
f nosphere with C0 2 and Nc con ... oiouorts • However, the plasma 

funnel tests indicate sizable enhancement of the CN violet system 
by '• e presence of ablation ejecta in the boundary layer. The 
or. .ucement of the CN violet system by the ablators is shown in 
hi yore 9* Radiation only from the CH violet system is listed 
relative to the non-ablating copper surface. All of oho plastic 
a boaters increased the CK violet band system radiation by approxi- 
mately the same amount (values range from 3 to 4). These data 
are apparently contrary to ballistic range and shock tube data 
which show little or no increase in total radiation with poly- 
tetrafluoroethylene and polyformalcehyde models (refs. 7 and 14). 

In the following discussion ablation measurements from an air study 
are used to show that there is in fact no inconsistency and that 
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one can estimate the ablation vapor radiation relative tc the gas- 
cap radiation. 

The effect of body radius on the intensity of radiation from 
an ablating body is illustrated in figure 10. The integrated total 
intensity over the wavelength range 3^00 to 6j00 A is compared for 
polyethylene models of several radii operated in a plasma tunnel 
a-c constant conditions. These tests were performed in air using 
polyethylene models of the same blunt shape but with smaller radii. 
The effects of manning in air rather than in CO 2 -N 2 -A mixtures is 


considered to be unimportant here since only relative changes in 
the ablation vapor zone radiation were considered. Moreover, the 
present measurements indicated that the gas-cap radiation forms 
a relatively small part of the total observed radiation for both 
flows. Therefore, the scaling law for ablation vapor radiation 
will depend only weakly on the main flow constituents. Since 
conditions were constant, the change in radius for this series is 
equivalent to a change in convective heating rate (ref. 15) • *rhe 
data are shown normalized to the intensity for the smallest model 
(6.2 mm). The solid line shown represents the predicted scaling 
law for ablation vapor zone radiation derived in Appendix C 
(equation C- 9 ) • The experimental trend agrees well with the 
approximate formulation. 

Using the measured enhancement of radiation for ablation of 
polyethylene (fig. 9), the scaling law for ablation vapor radiation 
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(equation C-l6) and for the gas-cap radiation (fig. 7) can he used 
to predict the relative intensities for gas-cap radiation as com- 
pared to the total radiation received. The approximate scaling 
lav has been applied to typical ballistic range measurements and 
to the contemplated Mars entry (fig. 1). All comparisons are 
for a velocity of 5 *6 km/sec. The results of such a calculation 
are shown in figure 11. For the cases illustrated, the contribu- 
tion of gas-cap radiation is shown. Thus, for plasma tunnel tests 
with ablation the gas-cap radiation- -which would represent the 
signal one wishes to analyze — is only l/4 of the total signal. 

On the other hand, the ballistic range data will contain less 
than 10 percent contribution from ablation vapors. Plastic models, 
therefore, can be used in ballistic ranges with negligible uncertainty 
regarding the radiation source. Finally, for the contemplated 
full-scale case at peak heating, there is a 20 percent contribution 
from the ablation vapor zone, while at an earlier time in trajectory 
(4 seconds prior) there is over a 70 percent contribution. The 
ablative heat shield would give a signal that contains a variable 
amount of ablation vapor zone contribution which would introduce 
uncertainty into the interpretation of the gas-cap constituents 
for the Mars atmosphere. For this reason, atmospheric probes should 
probably incorporate heat-sink shields to prevent gas -cap contamina- 
tion with ablation vapors and thus avoid uncertainties in the inter- 
pretation of spectral measurements. 
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CONCLUDING REMARKS 

1. Radiation from CO2-N2-A mixtures appears to be veil 
understood. Tests approaching equilibrium conditions in the 
gas cap agree veil vith theory (vhen intensities are normalized 
with respect to density rather than pressure as pointed out in 
ref. 11), suggesting that CN violet radiation may be an important 
tool for probing distant planetary atmospheres with C0 2 and Tfe as 
constituents . 

2. Ablative heat shield materials substantially alter the 
total radiation. Ablation ejecta can increase the observed inten- 
sities of the CN violet system by as much as a factor of k — 
depending on the free-stream density at the time of measurement. 

For this reason, atmospheric probes should probably incorporate 
heat-sink shields to prevent gas-cap contamination with ablation 
vapors and thus avoid uncertainties in the interpretation of spectral 
measurements* 

3. Proper scaling of density and body radius (i.e., convec- 
tive heating rate) is required to simulate radiative intensities 
for planetary entries where peak heating rates are not high (such 
as a Mars entry). This is essential in view of the significant 
contribution to radiation that is possible from the ablation 
ejecta in the stagnation region. Moreover, nonequilibrium concen- 


tration of the molecules at low densities can appreciably alter 


the emitted radiation. 
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Appendix A- Analysis gf Collimator for 
Collection of Gas Cap Radiation* 


In the original arrangement for collecting radiant energy a 
single lens was utilized to view a solid angle of radiating gas, 
Figure A-l. As is shown on the figure, radiant energy vas collected 
from inside the test "body through a small aperture on which the lens 
was focused. As will he shown, however, background radiation from 
the arc jet stream ahead of the how shock wave contributed substan- 
tially to the total signal because the observed volume of gas in- 
creases as the cube of the distance from the principal focus. More- 
over, the high temperatures and pressures that existed upstream in 
the constrictor of the arc jet provided an additional very intense 


source. To reduce this background signal, contention was employed 
as shown in Figure A -2. 

Tiie behavior of the collimation device, Figure A-2, is compared 
here with that of the system of Figure A-l. To effect a comparison 
between the two systems, the states of the radiating gas within the 
respective viewed volumes must be established. For simplicity, 
temperature and density are assumed- to be constant behind the bow 
shock wave. The free stream conditions were such that the tempera- 
ture and density ratios across the bow wave were approximately equal 
to 3*0 and 6.2 respectively. The density ratio was determined from 
the observed shock standoff distance ’by using the results of Refer- 
ence lo, and the pressure ratio was measured during tunnel calibration 
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A conservatively low temperature ratio was then obtained from 
equilibrium charts. Reference 17, The temperature ratio of 3*0 
is a result of dissociation which absorbs about 60 percent of 
the available thermal energy. The assumption is also made that 
the gas is transparent. 

The total amount of radiation collected is proportional to 
the number of radiators and their radiative strength. Experi- 
mental data (Ref . 10 ) shows that, in the regime of these tests, 
this quantity can be expressed as 

Q~c pi* 4 v T 4 

where Q is total radiated energy, p is density, V is the volume 
seen by the collection system, and T is the absolute temperature. 



LdUJCCLO 


1 1 ! — - e/jy&WcC CUT OF s/-c 




A- 1 



1 



Appendix A - 3 - , 

The ratio of gas cap to background radiation, corresponding 
to radiation from region 1, and region 2 of Figure A-l, can be 
expressed as 


Q s _ /psV 4 v, / To 
Qi = (Pg Vx uy 


(A-l) 


vhere the subscripts refer, to the regions indicated on the figure. 
If li is the distance from the body along the optical axis, and A 

the corresponding cross-section area of the observed volume, then 


ana 


V 2 = A 2 h 2 = a 3 tan 2 d 


vx = ^ Axhx - v a . 


(A-2) 


(A-3) 


the present experimental arrangement, hi =' Ipd, and 

v x = 1125 kg 3 tan 2 8 

The ratio of gas cap to background radiation therefore becomes 


Qp 


Tg" - (c*k) '• — r g - t .. 

Qi v tcq t arrfcf 


rt/ j d 3 tan a e ( 3 . 0) 4 


= 0.32 

showing that background radiation can contribute up to 75 percent 
of the total signal* 

For the collimating system shown in Figure A -2^ the ratio of 
gas cap to background radiation can be expressed as 
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Appendix B* Calibration -tox Aosc-tute 


To calibrate for absolute intensities, energy radiates irom 
a tungsten ribbon filament lamp vas collimated, passed through 
the source collection system (see Appendix A), and focusea on the 
slit of the spectrograph •‘with the test tody in place. Figure B-j- 
shoxs the arrangement for calibration. 
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neu x-y y-x 


€ 6- s\ ^ 

x b v r cos © CCS CD 

iflA SA 

* \ u p r “ y 

‘x ‘y 


Appling i»hxs relation to the calibration technique with subscript 
s for the tungsten source and subscript 1 for lens 1, ve have 


€ s e bs 


/> COo Cp 0 COS (Xu 


d A c ciA 


^ u 
A s A x 


staling the usual thin lens approxiTnation tnat lens 1 be considered 
a plane, it follows that A x is parallel to A s so that <p s = <p x « <p. 


.Krso 5 £ 


since only the energy passing through the 


aperture A 0 is used, 

Ca ' 


tnen only the energy emanating from this area projected back onto 
the filament enters the system; and since l x - l z - t, the substi- 
tution that A s = Ag can be made. Referring to figure B~3, ve see 
that, since the aperture diameter, cL, (=0.54 mm) « the lens 
diameter, dx, (= 22.1 mm). 
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r £ a a I 2 + fi 2 . It follows that, since cob q> = if r, cos 2 © - 
f x 2 /(ai z 4- fx 2 ). Since dAx = axdaxdSi and dA s * a g da s d© s , we now 
have 
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Since the emissivity is wavelength dependent, i.e., e g 


(B-6) 


e s (A), we 


have finally 
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-sec cm' 


(3-7) 


-■here h = 6.62k X 10~ 27 erg see, e = 3 X 10 10 cm/sec. 


& ~ 


•?0 x io" 16 erg/°K, A = wavelength in on, and T s - filament 


temperature in degrees Kelvin. 


Since all of the reflection and absorption losses curing a 
test run were present during the calibration, ve need only correct- 
for losses in the lens and mirror used to collimate the energy 
from the tungsten filament and direct it into the model, ana lor 
the difference in area between the incident beam and tne trans- 
catted (through the model) beam. Letting I he the transmissivity 

of a lens, E the reflectivity of a mirror, d T the diameter of the 

r "i .... 

. ’ . j-r- (-X) l f^e enerp'v metered by tne speevro- 

transmittea beam, ^spect w 


graph in dA, ve have 




L_ 



Appendix B 


-> 


J spect 


(A) 


d a i (A)| \ 

= TxTaT^i ~ x 10’ J j 

/ 


(2-3) 


For our calibration procedure, T : .T £ T 3 = 0.653 (measured using a 
4000 A i liter with a halt width, of 300 A), By ~ 0.830 {pleasured 
using same filter), d T = 0.506 cm, d x - 2.21 cm, d a = 0.0540 cm, 
and ±i ~ 0*3o cm , so that 


Aspect (A)J = 9 * 48 ( 10 ) ‘ 10 


e s (A)2 hc 2 A“ [ ' 


nc 


AkT (; 


wares 
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(B-9) 


-s ’ Has determined by measuring the brightness temperature of the 
tungsten ribbon source with a filament -type optical pyrometer and 
correcting to the true temperature (ref. 19 ). 

The calibration energy was related to the gas cap energy by 
directly comparing the heights of densitometer traces and exposure 
rimes, t, of the obtained spectrographic plates, i.e. 


h spect 
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;as cap 


r ^ 

is , (a)! 

! specs - ... 
L Jcalib 


r n 
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i Jgas cap 


{height at A I 
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(B-10) 


The radiation energy density in the gas cap, Eg (A), vss then 
aeuermined oy dividing the measured energy by the effective volume 
of gas seen by the detector optics as in reference 20. For the 
present case, energy vas collected from a constant property stagna- 
tion region so that the effective volume reduces to the actual 
ooserved volume. The value for actual observed volume was deter- 

Thus, 


mined to be 0 .481 cm 3 and was used to reduce all measurements. 
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Eg(A) = 1.981(10)' 
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gas cap 
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Finally, total energy density was obtained by plotting equation 
(B-ll) versus wavelength and integrating over A. 
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Appendix C. Radiation From Ablation Vapor Zone 

The derivation given be lev is an approximate analysis of 
the scaling relation that pertains to radiation from the ablation 
vapor zone. The analysis is for laminar flow at the stagnation 
region of a hemisphere. However, it should apply, equally well to 
blunt bodies since these shapes can be characterized as spheres 
in terms of an equivalent radius of curvature (ref. 21). For 
blunt bodies with sharp corners, for example, the equivalent radius 
of curvature is fran 3.5 to 4 times the body radius. The analysis 
pertains to a subliming ablator. 

Gases either injected (ref. lo) or simply ablated into the 
stagnation region from material degradation form a distinct zone 
separated from the stagnation flow region by an interface. The 
thickness of this zone can be obtained from reference 1 6 . Thus, 


5 m A '~ p [ 

R c * s- v - ' R c ' i 


# A M* 


(C-l) 


g 


For an ablative heat shield, the "effective heat of ablation" 
relates the convective heating rate and the mass ejecta rate to 
flow conditions and material properties. For subliming ablators 
this relation is 


5£-h 

m a 


Pv 


(K - K) 


(C-2) 


■where H Is the intrinsic heat capacity of the material and the 
a 

constant (3 depends on the molecular weights' of the injects and on- 
coming flow. For laminar flow at the stagnation point of a 


Appendix C 





- 2 


hemisphere, the convective heating rate formulation appearing 
above is given by (ref. 15) as 


«co - K ' 




(» t - \) 


(C-3) 


Combining equations C-l, C-2, and C-3 and solving for the ablation 
vapor zone thickness yields 

a/r 1 

(c-4) 


6 1 


K 

• , A/E< = 1 

'i*; ■ 

P 

v ! 

H 

+ H\ - vJ 

( p >Jj 


However, for hemispheres, the shock stand-off distance can be 
approximated over wide density ranges by the simple relation 
(c.f. ref. 22) 


A/K c - l/(p 2 /pj 


(c-5) 


Therefore, the term in equation C-4 within the braces is dependent 
only on the stagnation enthalpy (or equivalent free-stream velocity) . 
Note that for many common ablation materials the factor H /p(h^ - h^) 
is of the order 0.4 for V - 5 km/sec. Consequently, the term 
within the braces is virtually independent of flow conditions and 
depends primarily on the ablation gas ejecta. Thus, 

6/R c = x7aJr c P g (C-6) 

where the definition of K 1 is given by equation C-4. This last 
expression indicates that for small scale and/or high density, the 
thickness of the ablation vapor zone is reduced. 

In reference 23 it is shown that for unit mass of ablation 
products the radiation can be characterized by 
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where is a constant of the material. The radiation intensity 
at the stagnation point can he written as 


I = Ej. 5 = F p.8 - K 2 p. 1 + 5 T* 6 


(C-8) 


Combining equation C-8 with equation C-6 and normalizing with 
respect to the density term, one obtains a scaling relation for 


intensity: 

h/TT < c -») 

kg^o 1 : J 

The temperature of the ablation vapor at the interface is the con- 
trolling parameter according to equation C-9 since £ is typically 
about 3 (ref, 23). Accordingly, a consideration of the dependence 

of T on flow conditions is in order, 
g 

By approximating the ablation vapor zone by a conducting fluid 
layer, one can write a heat balance at the interface between the 
ablation vapor zone and the stagnation gas region 

Yq co = x(T g /T a )/fe (C-10) 

the factor 1 is the heat blockage ratio defined as 


* - V\o = V tK a + V 3 {C_11) 

for subliming ablators. The effect of diffusion between the stagna 
tion zone and the ablation layer zone is contained in the ablation 
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ejecta parameter, p* Solving for tie ablation vapor gas tempera- 
ture from equations C-3> C-1G, and C-ll, one obtains after some 
algebraic manipulation (and using the usual, hypersonic approxi- 
mation t>£ ^ r, ) : 
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T g A a = cl/2 + 1 + (a/2) 2 


wnere 


(C-12) 
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a. n i 


a = 


(- , - 'O/X, 

-c W 8 


K fc /S71T | 1 + 3 (h - h )/K ’ 

"V S'V • S L t 3j 

Impending with the binomial theorem 

T ff /T o = 1 + a/2 + 1/2 (a/2) 2 » * • (C-13) 

One can verify that for low temperature ablators (polyethylene, 
for example) only the first two terms are significant in the expan- 
sion* Consequently, to good approximation 

lA « 1 + a/2 (C-14) 

'where a is given In equation (C-12). 

Be f erring to the expression for a* note that for a normalised 
enthalpy potential [ ~ (h. - h }/H ] of about 8 (i.e., h 7 12 Mj/kg 
or V > 5 kra/sec) the term within the braces is -within about 20 
percent of the limiting value (= l/p) for usual plastic ablators. 

It follows, then, that the temperature of the ablation vapor is 
relatively insensitive to the incident flow conditions. 

Returning to the scaling lav formulation for the ablation 
vapor radiative intensity (equation C-.9), one obtains an approximate 
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result that holds over wide conditions of incident flow (V > c < 

V CD ' 

km/ sec). Namely , 
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(C-15) 


Finally , using the relations of equation C-8, the radiation per unit 
volume is given by 



constant 


( 0 -.. 5 ) 


As non so above (equation C-lk) , the ablation vapor temperature is 


relatively insensitive to flow conditions oyer vide limits. There- 
fore, the ablation vapor radiation per unit volume varies primarily 
cue a o let, ion vapor gas density raised to some power dependent 
only on the material* Values of > are given in reference 23 for 
some typical ablation materials. For example, for polyethylene 
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